Respiratory mechanics were studied in five anaesthetised children, aged 3 to 33 months undergoing urological surgery, in both the supine position and with extreme truncal flexion. Extreme truncal flexion was associated with a reduced respiratory system compliance. Dynamic compliance decreased significantly, by 30% (range 12-55%) and static compliance decreased significantly, by 40% (range 18-65%). There were no changes in respiratory system resistance. Tidal volume was also significantly reduced (mean 20%) despite a significant increase (mean 22%) in peak ventilator pressure. These changes in mechanics must be recognised to avoid alveolar hypoventilation, with a consequent decrease in gas exchange during surgery.
The mechanical properties of the respiratory system are altered by general anaesthesia. Studies in adults, anaesthetised in the recumbent position, have demonstrated that functional residual capacity (FRC) decreases, the shape of the chest wall and diaphragm changes, and respiratory system compliance decreases. I These changes are thought not to alter with time during the anaesthetic or with the addition of muscle paralysis. I Similar measurements are not available in children.
To gain adequate exposure of the perineum for paediatric urological surgery, the child is sometimes put into a position of extreme truncal flexion. This position is maintained by fixing the child's feet to a bar positioned above the child's head. We hypothesized that this posture would be associated with changes in respiratory mechanics over and above those due to general anaesthesia. Such changes in mechanics could potentially compromise gas exchange if not adequately compensated for by the anaesthetist.
To test this hypothesis we studied respiratory mechanics under anaesthesia in children in both the supine position and with extreme truncal flexion during urological surgery.
MATERIALS AND METHODS Five children, aged 3 to 33 months, were studied. Anthropometric data are shown in Table 1 . Premedication with either chloral hydrate or omnopon and scopolamine was given as clinically indicated. Anaesthesia was induced with thiopentone, muscle paralysis was achieved with alcuronium and the children were intubated and mechanically ventilated using a Nuffield anaesthetic ventilator (Series 200, Penlon UK). A Newton infant valve (Penlon, UK) was fitted to the ventilator to adapt it to function as a timed-cycled, pressure ventilator. Anaesthesia was maintained with nitrous oxide (66%) and oxygen (33%). Morphine was used to decrease awareness and caudal anaesthesia was performed using bupivacaine (0.25%, 1 mllkg). Routine anaesthetic practice was not altered during the study, except that air leak from the trachea was abolished, for pressures less than 30 cm H20, either by using an endotracheal tube that was a half size bigger than usual or by the use of a pharyngeal pack. Any leak could easily be detected by the absence of a plateau in airway opening pressure following airway occlusion (see below). Arterial oxygen saturation (Sa02), pulse and blood pressure were monitored continuously during the study. The anaesthetist was free to alter ventilator settings as clinically indicated. Respiratory mechanics were measured during mechanical ventilation and with the flowinterruption technique 3 ,4 (see below). To facilitate measurement of respiratory mechanics a computer-controlled solenoid-driven occlusion valve that closed within 8-10 ms and pneumotachograph (8300B Hans Rudolph, Mo, U,S,A.) were inserted into the anaesthetic circuit between the endotracheal tube and ventilator. Airway opening pressure (Pao) was measured on the patient side of the occlusion valve using a solidstate pressure transducer. Flow (V) was measured at the airway opening and numerically integrated to give tidal volume (Vt). All signals were passed through eight pole bessel filters with the corner frequency set at 100 Hz, sampled at 200 Hz using a twelve bit analogue to digital converter and stored on computer.
Measurement of respiratory mechanics during mechanical ventilation
Respiratory mechanics were calculated from measurements of Pao and V during tidal ventilation using the equation: (1) where C RS is the respiratory system compliance, RRS is the respiratory system resistance, and EEP is the end-expiratory pressure. C RS and RRS were calculated using multiple linear regression, fitting to 30s data epochs. C RS calculated during mechanical ventilation is called C dyn to distinguish it from static C RS '
Measurement of respiratory mechanics from flow-interruptions
Flow-interruptions were performed using the occlusion valve during expiration as follows: after a period of mechanical ventilation the valve was closed at end-inspiration for 5 s to allow pressure equilibrium to occur throughout the respiratory system. During this occlusion the child was disconnected from the ventilator. The valve was then opened to allow expiration to occur before the valve was re-closed for 2.5 s. By keeping the valve open for times varying from 150 ms to 500 ms, occlusions were made at multiple points during expiration. Following this occlusion the valve was opened and expiration proceeded to the elastic equilibrium volume of the respiratory system, which is passive functional residual capacity (FRC). This entire procedure entailed the child being disconnected from the ventilator for 12.5 s. Measurements were repeated 3-5 times at each point during expiration. Five to ten breaths were allowed between successive measurements. When pressure is measured on the patient side of the occlusion valve after the flow has been abruptly stopped during expiration, two distinct pressure changes are observed. The pressure initially increases almost instantaneously. This initial pressure increase is followed by a secondary, slower pressure increase to a plateau ( Figure 1 ). The initial rapid pressure jump has been called 6.Pinit and represents the resistive pressure loss across the respiratory system at the moment immediately before the airway was occluded. [2] [3] [4] Dividing 6.Pinit by the flow immediately before the airway was occluded gives a measure of the flow resistance of the airway and chest wall (Rit). The secondary rise in pressure has been called 6.Pdif and, in the presence of normal lungs, represents stress recovery, a manifestation of the visco-elastic properties of the respiratory system. 2 -4 However, if ventilation inhomogeneity is present, redistribution of gas from well ventilated to poorly ventilated units will also contribute to 6.Pdif. The flow-interruption technique therefore allows one to partition respiratory system mechanics into a The pressure plateau seen following airway occlusion represents the static recoil pressure of the respiratory system at that volume. The static volume-pressure curve of the respiratory system was .constructed by plotting the volume above passive FRC against the static recoil pressure. The slope of these curves give the static compliance of the respiratory system (C RS , SI)'
Study protocol
Measurements of Pao and V were recorded during mechanical ventilation and at multiple points during expiration in both the supine position and with extreme truncal flexion. Measurements were generally made in the supine position first, depending on the operative technique in use. No more than fifteen minutes separated the sets of measurements made in each posture.
The measurements were made during part of a larger study on respiratory mechanics in anaesthetised children which had been approved by the institutional ethics committee.
Statistical analysis
Paired t tests were used to test for significant change in respiratory mechanics with alteration of posture. Statistical significance was accepted at the 5% level.
RESULTS
The major change in respiratory mechanics seen with extreme truncal flexion was a decreased respiratory system compliance, both C dyn and CRS,sl'
A. Mechanical ventilation
Respiratory mechanics calculated during mechanical ventilation in each posture are shown in Table 2 . Cd~n decreased by a mean of 30% (range 12-55%, P< u.02). RRS was unchanged (P= 0.24, NS). These changes were associated with an increased peak pressure during ventilation (mean 23%, range 4-35%, P< 0.02) and a decrease in Vt (mean 20%, range 8-30%, P < 0.05). These changes were seen immediately after changing to the flexed posture and did not alter with time.
B. Flow-interruption
Respiratory mechanics calculated from expiratory flow-interruptions are shown in Table 3 . CRS,sl decreased by a mean of 40% (range 18-65%) (P < 0.02). Examination of the static volume- Pel.st (cmH20) pressure curves of the respiratory system ( Figure 2 ) demonstrates both the decreased compliance of the respiratory system and the lower volumes achieved during ventilation. When the data calculated from flowinterruptions were compared at comparable points during expiration, a marked increase in ~Pdif was seen (mean 130%, range 52-295%, P < 0.003).
There was no increase in Ril (P= 0.94, NS). Figure  3 shows representative data from one child.
DISCUSSION
The results of the present study demonstrate that extreme truncal flexion results in a reduction ofC RS with the potential for decreases in alveolar ventilation, depending on the type of ventilator used. Both C dyn and C RS • sI were decreased to a similar degree, implying that more pressure is required to deliver the same Vt. With the ventilator employed, a significant reduction in Vt was seen with extreme truncal flexion despite an increase in ventilator 'pressure delivered. Static volume-pressure curves, compiled from airway occlusion within the tidal volume range show a reduction in slope (i.e. reduced CRS,sJ and a shift to a lower lung volume in each child (Figure 2 ). In some children the reduction in slope is not marked but the changes reached statistical significance for the group (paired t test, P < 0.02).
In all children there has been a shift in the position of the curve, reflecting a change in static elastic properties and the children have not simply moved along their volume-pressure curve to a lower lung volume. This may be contributed to by both a reduced compliance of the rib cage and diaphragmabdominal wall and that of the lungs themselves. In the present study no attempt was made to partition the mechanical properties of the respiratory system into components for the lungs and chest wall.
During mechanical ventilation the relative movements of the rib cage and abdomen in anaesthetised-paralysed subjects depend on the relative compliance of the pathways. In adults in the recumbent posture there is relatively greater movement of the rib cage, S implying that, under these conditions, the rib cage is more compliant than the diaphragm-abdomen. With extreme truncal flexion both the rib cage and diaphragmabdomen are likely to be less compliant and to contribute to the changes in compliance measured in the present study. Under normal conditions inspiration is associated with an outward displacement of the anterior abdominal wall, facilitating descent of the diaphragm. With extreme truncal flexion the abdominal contents are likely to be pushed up into the thoracic cavity resulting in cephalad displacement of the diaphragm. Also expansion of the rib cage may be limited due to splinting of the chest wall by the extreme truncal flexion.
Changes in the compliance of the rib cage and diaphragm-abdomen pathways could contribute to the changes in ,6Pdif seen in the present study. In the presence of normal lungs, ,6Pdifis a measure of the visco-elastic properties of the respiratory system and is unlikely to be affected by changes in the static elastic properties. The anatomical structures responsible for the visco-elastic properties of the respiratory system are not well defined. Surface-acting forces and contractile elements in the tissues ofthe respiratory system are likely to contribute to the visco-elastic behaviour. Redistribution of blood within the thorax and between the thorax and the rest of the body may also contribute to this behaviour. Extreme truncal flexion is likely to result in movement of blood from the lower extremities and abdomen into the thorax. Alternatively, extreme truncal flexion may result in regional ventilation inhomogeneity, which would also result in an increase in ,6Pdif. This is potentially more significant than an increase in tissue visco-elasticity as it may further compromise gas exchange, compounding any degree of alveolar hypoventilation. Unfortunately, it is not possible to separate tissue visco-elastic properties from ventilation inhomogeneity by simply measuring ,6Pdif.
In summary, extreme truncal flexion during urological surgery is associated with disturbance in respiratory mechanics in children. These changes must be recognised to avoid alveolar hypoventilation and compromising gas exchange during surgery. Intra-operative monitoring ofSa02 and PaC02 should help to avoid this possibility.
